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MBC   Multi-body Coordinate Transform 

MMC   Mesoscale-to-microscale coupling  

MS   Monotonically sheared 

NREL   National Renewable Energy Laboratory  

OOP   Out-of-plane 

OpenFAST  OpenFAST aeroelastic wind turbine modeling software 

PSD   Power Spectral Density 

RD   Rotor Diameter 

RNA   Rotor-nacelle assembly  

ROSCO  (NREL) Reference Open-Source Controller 

SISO   Single Input Single Output 

WS   Wind Speed 
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Executive Summary  

This is the final report for the project titled ñImpact of Low-Level Jets on Atlantic Coast Offshore Wind 

Farm Performanceò funded by the National Offshore Wind Research & Development Consortium 

(NOWRDC). This effort originated from energy industry needs for site- and condition-specific windfarm 

modeling to improve simulation-driven estimation of performance and reliability metrics. In conjunction 

with this technological need, the burgeoning offshore wind installations in the New York Bight and the 

associated turbine design interest for manufacturers such as GE required more nuanced understanding of 

the offshore environment and its impact on wind turbine arrays. To this end, as part of this project, we 

characterized the impact of North Atlantic coastal low-level jets on offshore wind installations through 

high-fidelity simulations. In particular, coastal low-level jets (LLJ) are mesoscale-driven wind events 

associated with a non-monotonic velocity profiles whose maximum value occurs at the so-called ñjet noseò, 

producing bands of strong positive shear below the nose and a corresponding negative shear above it.  

 

In this project, we accomplished the following tasks: 

¶ Characterize the feature of North Atlantic Low-level jets using buoy-mounted lidar data 

¶ Assess ability of weather-scale modeling tools to characterize LLJ features and develop/validate 

methods for high-fidelity turbulence resolving models of LLJ wind environments using LES. 

¶ Develop necessary advances within the Exawind suite of tools to simulate at high-fidelity and 

system-level complexity (aero-servo-elastic turbine representations), the interactions between LLJ 

turbulence and windfarm systems.  

¶ Analysis and characterization of windfarm system response to LLJ turbulence relative to canonical 

atmospheric conditions.  

¶ Exploration of control-based mitigation strategies to minimize the deleterious effects of LLJs 

¶ Assessment of the state-of-the-art low-fidelity models used in industry for their ability to capture 

the complex atmospheric-turbine interactions.   

Analysis outcomes show that low-level jets primarily impact windfarms similar to stable boundary layers 

resulting in deep wakes and strong veer and sheer- induced out-of-plane loads. The deep wakes result in 

available power for capture by downstream turbines which result in AEP drops.  The higher out-of-plane 

loads arise from the strong veer and shear causing varied responses across the rotor disk and thereby, higher 

fluctuations in the loads.    Our efforts at mitigation show that pitch control operating at the individual blade 

level can reduce the loads with little reduction in generated power. We also observe that yaw deflections 

under such environments produce nuanced outcomes under such environments.  
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1 Project Overview 

The wind energy industry is increasingly looking at site- and condition-specific windfarm modeling to 

improve simulation-driven estimation of performance and reliability metrics. This requires algorithmic, 

theoretical and computational advances in microweather prediction where one can generate (and 

ultimately, predict) microscale (scales of O(1m)-O(100m)) atmospheric turbulence at a chosen spatial 

coordinate and time window on demand. The motivations underlying this demand can be wide ranging, 

including evaluation of critical design choices under specific conditions of extreme or atypical nature, 

characterizing performance of specific turbine systems at a given geographic site and so on. Historically, 

investigation of microscale atmospheric physics of relevance to wind farm operations focused on 

idealized equilibrium boundary layers due to the inability to model realistic surface layer turbulence in all 

its complexity. On the other hand, the mesoscale modeling community focused on realistic 

meteorological predictions. To accomplish the above goals of realistic atmosphere-windfarm interactions, 

the gap between idealized representation of microscale atmospheric physics and realistic mesoscale 

meteorology has to be bridged. In this NOWRDC funded project (with GE Offshore Wind cost share), we 

attempted to characterize the interactions of North Atlantic coastal low-level jets with offshore windfarms 

representative of the NY Bight. To this end, we adopted a three-step plan for this project as in Figure 1.  

 

Figure 1: High-fidelity atmospheric flow and wind farm flow simulations in Tasks 1-5 of the project. 
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In step 1, we characterize the atmospheric flow representative of the NY bight through analysis of site 

measurements made available by the New York State Energy Research and Development Authority 

(NYSERDA) as part of the efforts to advance offshore wind deployment in the region.  Our analysis of 

these buoy-mounted LIDAR measurements within the lowest 200m marine Atmospheric Boundary Layer 

(ABL) in the New York Bight has shown that low-level jets (LLJs) occur 2-7% within a year and as high 

as 20% in the summer months. Naturally, the criteria to identify LLJs has some impact on these estimates, 

but the takeaway is that LLJs can impact windfarm operations and wind turbine reliability as a non-

mainstream, but likely wind event. The second part of this stage in the project is to evaluate the state-of-

the art in modeling LLJs and the associated turbulence.  We evaluated the capability of mesoscale 

modeling tools such as Weather Research and Forecasting (WRF) to predict the LLJ wind profiles and 

observed reasonable match for periods of interest. Although WRF predictions match the field data, they 

are typically simulated on coarse grids relative to the most energy containing turbulence scales within the 

atmospheric surface layer and therefore characterized as not turbulence resolving. In the last decade, there 

have been attempts to bridge complex mesoscale meteorology (at the kilometer scale) and microscale 

turbulence resolving predictions (scale O(few meters)) by leveraging the vast history of data-assimilation 

based ideas from the weather forecasting realm. Specifically, we implemented a profile-assimilation-

based coupling framework (first developed in Allaerts et al. (2020)) to couple the meso- and microscales 

of atmospheric turbulence - a robust engineering approach towards incorporating non-stationary and non-

equilibrium mesoscale effects into microscale modeling. We implemented this meso-micro-coupling in 

the GPU-acceleration capable Exawind compute stack to perform large-eddy simulation (LES) of the 

microscale atmospheric boundary layer. The challenge with downscaling of turbulence to the microscale 

from non-turbulence resolving mesoscale simulations is that it is inherently an under-constrained inverse 

problem with multiple solutions possible. Our analysis in section 2.3 illustrates this aspect of these state-

of-the-art techniques where the predicted turbulence state can differ in its intensity and assimilation 

depending on the choice of assimilation strategy for the temperature data which can result in very 

different buoyancy-driven turbulence structure.  However, the different downscaling methods explored 

were able to generate a turbulent flow field which in the mean can match the mesoscale wind profiles 

from WRF on account of its direct assimilation into the LES. This allows us to generate turbulent fields 

somewhat representative of realistic conditions measured in the field, but more in-depth research is 

needed to better understand the sensitivity of the different model choices in predicting the higher-order 

details of the predicted turbulence.     

Tasks 2 and 3 represent step II of this project where we applied Mesoscale-to-Microscale Coupling 

(MMC) to aeroelastically-coupled wind farm flow LES simulations to elucidate the impact of LLJ events 
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on the performance and loads of a single offshore wind turbine, a single array of five turbines and finally, 

a multi-array farm of twenty wind turbines. However, to accomplish this, we needed to realize a series of 

technical advances within the Exawind capability as itemized below: 

1. Implement inhomogeneous boundary conditions in the horizontal directions to model finite-sized 

windfarms 

2. Develop the interface to feed meso-micro-coupled ABL turbulence data generated from a 

precursor simulation with the finite-sized windfarm simulation with inhomegenous boundaries.  

3. Develop capability for restarting simulations at the system-level, i.e. the aero/fluid, servo and 

elastic modules.  

These were accomplished with much effort and reported in section 3. In section 4, we report the key 

simulations executed using this virtual windfarm simulation capability (as part of task 2/3) and identify 

the key learnings in particular detail. At a high level, we observed that the presence of strong shear and 

veer in the low-level jet produces asymmetric load distributions across the rotor disk resulting in higher 

mean and damage-equivalent fatigue loads of the out-of-plane moment variety. We observe that these 

load increases are associated with losses in power capture ability (relative to rated capacity) due to the 

persistent deep wakes within the windfarm operating in a low-level jet environment. We particularly note 

that these observations were qualitatively like that observed for canonical stable atmospheric boundary 

layer turbulence and therefore, any mitigation approaches developed in this project will apply broadly to 

the class of stable atmospheric conditions encountered in the offshore setting.  

 

Tasks 4 and 5 represent step III of this project where the high-fidelity dataset from the simulations in steps 

I and II are being leveraged in two-different ways: (i) assess (and improve) the performance of low-order 

models relevant to simulation of windfarms and (ii) identify the deleterious impact of LLJ on wind farm 

performance (loads, power capture) and explore mitigation concepts. The latter aspect is presented in detail 

in section 5 where we executed both preliminary evaluation of the effectiveness of the different LLJ 

mitigation strategies on single turbines using standalone decoupled analysis as well as coupled LES of 

single array windfarm simulations. The different mitigation strategies explored include,  

¶ Derating of wind turbines within a windfarm for modulating wake persistence and loads 

¶ Controlling individual blade pitch operation for wake and load modulation.  

¶ Steering of upstream wakes to ensure performance improvements in downstream wakes.  

While, the standalone decoupled single wind turbine analysis turned out to be an effective and 

inexpensive way to identify broad performance trends, the details of these mitigation strategies on turbine 

and farm performance showed different outcomes when adopting fully coupled medium-to-higher fidelity 

models. Specifically, the fully-coupled simulations allowed us to interpret the coupled dynamics of the 
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turbulent inflow, turbine response and the wake which resulted in quantitatively different performance 

characteristics, thus highlighting the need for medium-higher fidelity modeling. This need for medium-

higher fidelity modeling is more systematically explored in section 6 as part of our systematic efforts to 

characterize the accuracy of the different models spanning the range of fidelity levels. While significant 

progress was achieved in our understanding of the impact of low-level jets and stable atmospheric 

environments on windfarm performance using LES, there do exist challenges that are yet to be overcome 

before such virtual windfarm capabilities can contribute to mainstream design ï namely, computational 

cost, fidelity of multiscale atmospheric modeling and turbine representations.These aspects will be 

summarized in section 7.    
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2 Understanding Wind Resource Modeling and 

Low-level Jets 

2.1 Analysis of Observational Data 

Along the north US Atlantic coastline several meteorological and oceanographic (metocean) measurement 

datasets were investigated to study wind characteristics and LLJ events typical of the US Atlantic Coast. 

All the datasets were evaluated  to  meet the following criterion: (1) data should be continuous over a long 

enough period of time, (2) data should be taken in areas that are not too close to the coast and thus 

representative of conditions that will be experienced by actual offshore wind farms, (3) data included a 

range of heights relevant to offshore rotor layers, and (4) data was available to the public. After some 

detailed analysis, we decided to consider the dataset acquired by the campaign funded by New York State 

Energy Research and Development Authority (NYSERDA), in which two floating lidar buoys were 

deployed in the New York Bight within two current Bureau of Ocean Energy Management (BOEM) wind 

energy call Areas.  

For this campaign funded by (NYSERDA), two motion-compensated floating lidar systems were 

commissioned. These two buoys were validated, first onshore against an onshore met mast, and then 

offshore against an offshore met mast, in terms of mean wind speed and mean wind direction measurement 

accuracy. Unfortunately, the current lidar remote sensing technology does not yet provide accurate enough 

turbulence measurement. These buoys include near-surface (2 m above mean sea level, MSL) 

meteorological and sea-state measurements, as well as lidar measurements of wind speed and wind direction 

at 10 levels from 20 to 200 m above MSL. The buoy ñE05ò located in the ñHudson Northò call area will be 

referred to as the ñNorth Buoyò, and ñE06ò in the ñHudson Southò call area the ñSouth Buoyò (Figure 2). 

Measurements collected within a year from September 2019 to August 2020 were considered in the 

following analysis. A data quality assurance procedure, similar to what was done in the work of Schultz 

[11] and Nybø et al. [12], is performed on the data before they are admitted into the analysis. Missing data 

and data that have failed the quality check are replaced by a NaN value. 

Before listing the LLJ identification criterions a few terminologies used throughout the document are first 

introduced below. 

a. Jet nose: the location of peak wind speed (U_{nose}) in a profile. If multiple peaks exist, 

the location of the maximum wind speed is the jet nose. 

b. Jet top: the location of the first local wind speed minimum (U_{top}) above the jet nose. 
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c. Jet wind speed drop-off: the difference in wind speed between the jet nose and the jet top 

(æUdrop=Unose-Utop). 

To fully quantify occurrences of low-level-jets (LLJ) along NY coastline, a set of criterions for detecting 

10-min LLJ observations were used in the present study, largely following the recent work of Debnath et 

al. [13]. 

1) The wind speed at 140 m is no less than 3 m/s, to exclude observations that are below the cut-in 

wind speed for the IEA 15MW reference offshore wind turbine which has a hub height of 150 m 

([11]).  

2) The jet wind speed drop-off æUdrop is no less than 1.5 m/s, and the non-dimensional drop-off  

æUdrop/Unose is no less than 10%, to exclude very flat jet profiles. 

 
Figure 2: Regional map of the BOEM wind energy lease areas and location of the NYSERDA floating 

lidar buoys. 

Using the criteria above, 1252 (2.4%) out of the 51821 10-min observations recorded at the South Buoy, 

and 1244 (2.4%) out of the 52704 10-min observations recorded at the North Buoy within a year, are 

identified as LLJ observations. On top of these detected LLJ observations, following Debnath et al. [13], 
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an additional search was done to find LLJ periods, defined as consecutive 10-min LLJ observations 

persisting for at least 1 hour. In total, 57 and 55 LLJ periods were found at the South and North Buoys, 

respectively.  

Figure 3 shows wind roses measured by the lidar at 140 m above MSL at both buoys. All observations ï 

with and without LLJ ï as well as LLJ observations are shown. The wind roses are nearly identical at two 

buoys due to the close distance between them (approximately 77 km). Non-jets dominate at both locations; 

their 10-min mean wind speed profiles largely conform to an approximately log-law or power-law shape 

that is typically developed within the surface layer (or Prandtl layer) of the atmospheric boundary layer 

(ABL), although it is quite possible that many also include part of the Ekman layer as the marine ABL 

(MABL) can be much shallower than over land (Emeis & Türk [14]). The LLJ observations are 

concentrated in south-to-southwest sectors with an average wind direction of 224° and 221° for the North 

and South Buoys, respectively. This wind direction is roughly parallel to the coastline. Coastline-parallel 

LLJ are frequently reported in the Californian coast and have been attributed by Parish [15] to both the 

horizontal land-sea temperature contrast and the cross-shore sloping MABL. Colle & Novak [16] have also 

found LLJ in the New York Bight to be associated with a sloping MABL, the differential heating between 

land and water, as well as the inertia forces and the large-scale weather system. These LLJ cases detected 

in the NYSERDA dataset may also be linked to these mechanisms.  Statistics of LLJ occurrences and 

characteristics are given in this and the following sections. The analysis is shown only for the North Buoy 

since results on both buoys are very similar. Histograms of 10-min LLJ observations are shown in Fig. 4 as 
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monthly and hourly distributions. The bars are plotted against the y-axis as a fraction of the total number 

of LLJ observations in an entire year. The number at the top of each bar records the LLJ count. 

 

Figure 3: Wind rose for all observations (left), all observations excluding LLJ (middle), and LLJ 

observations (right) for (a) the North Buoy and (b) the South Buoy at 140 m above MSL. 

Figure 4a shows that LLJ are highly concentrated in warm months especially in May, June and July: Of the 

1244 10-min LLJ profiles observed in a year, more than 70% occurred in these 3 months. More than one 

third (438) occurred in the month of June alone; that is more than 10% of the entire 10-min observation 

pool in June (4320) which nearly quadruples the annual LLJ frequency of 2.4%. This strong seasonal 

variability of LLJ is consistent with previous findings of LLJ elsewhere in the world. The hourly distribution 

of jet observations (Figure 4b) shows that LLJ more frequently occur in day-night transition hours from 18 

to 00 hour Local Standard Time (LST) which is consistent with what was reported for the onshore Great 

Plains LLJ (Gutierrez et al. [15]) and the NY Bight LLJ (Colle & Novak [16]). 

LLJ cases are usually associated with stably stratified ABL. Stable atmosphere is promoted by less thermal 

mixing when the sea surface is cooler than the air above. We compute the difference between the air 

temperature measured at 2 m above MSL and the sea-surface temperature; this distribution is plotted in 

Figure 5. The histograms are normalized by the total number of all (blue) and LLJ (orange) observations, 

respectively. A comparison between them shows that the LLJ population is skewed towards stronger 

(a) North Buoy

(b) South Buoy
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association with a positive differential i.e. cooler sea surface than air, suggestive of a stable MABL giving 

rise to coastal LLJ. Characteristics of the detected LLJ observations ï its jet nose location, wind speed, and 

wind shear ï are statistically analyzed and summarized in the following. The normalized histogram of jet 

nose height is shown in Figure 6a. Most LLJ cases have a jet nose in the range from 40 to 120 m which 

falls within the rotor layer of most offshore wind turbines. For the IEA 15MW reference offshore wind 

turbine considered in this work which has a hub height of 150 m and a rotor diameter of 240 m, the rotor 

experiences wind from 30 to 270 m above MSL. These LLJ profiles all coincide with the rotor swept face 

and can directly impact its loading and performance. 

Two wind speed magnitudes associated with LLJ ï one measured at a reference height of 140 m (close to 

the turbine hub height) and the other measured at the jet nose ï are shown in Figure 6b in comparison with 

the 140 m wind speed distribution of all the observations. A Weibull distribution is fit to each of these 

normalized histograms with its scale factor (A) and shape factor (k) displayed in the legend. The results 

highlight an increase in the average wind speed associated with LLJ in comparison to that of all observations 

which are dominated by non-jets. 
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Figure 4: Distribution of LLJ occurrences at the North Buoy: (a) Monthly distribution and (b) hourly 

distribution. 

 

Figure 5: Distribution of measured air-sea temperature difference at the North Buoy: All observations vs. 

LLJ observations. 

 

(a) (b)
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Figure 6: North Buoy measured (a) distribution of the jet nose height and (b) distribution of the wind 

speed at 140m above MSL for all observations, 140 m for LLJ observations, and the nose location for 

LLJ observations; The fitted Weibull curves, scale factor, and shape factor are also included. 

2.2 Analysis of Weather Forecasting Simulations 

To simulate the impact of coastal LLJs on wind energy generation, we first need to demonstrate the 

capability of mesoscale weather simulations to predict the regional weather and capture LLJ events where 

the buoys are located. In this project we used the Weather Research and Forecasting (WRF) solver 

(Skamarock et al. [18]) which is widely used in operational and research numerical weather prediction 

(NWP). In the following we will describe the WRF model, simulation result, and a comparison between 

the predictions and measurements. 

A WRF model developed by Dr. Mike Optis of NREL was shared with this project team. Its spatial domain 

is that of Figure 2a centered around the NYSERDA buoys and is suitable for our use. The specification of 

several key model features is listed in Table 1. These model choices are an outcome of an extensive 

sensitivity study where the best-performing model configuration was chosen out of 16 model set-ups that 

vary in input sources, physics parameterizations, and grid and temporal variations (Optis et al. [19]). The 

model was run over the same time window on which the measured data analysis was performed, i.e. a year 

from September 2019 to August 2020. The simulation result was also shared with the team. Specifically, 

the predicted time series at the locations of the buoys were extracted from the WRF result and were 

interpolated to the lidar measurement heights. A comparison was then made between WRF result and the 

measured data which will be described below.  
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Table 1: Specification of key features of the WRF model used in this project. 

Feature Specification 

WRF version 4.2.1 

Nesting (horizontal grid resolution) 6 km, 2 km 

Vertical grid levels 61 vertical cells in total 

Near-surface levels: 12, 34, 52, 69, 86, 107, 134, 165, 200 m 

Output time resolution 5 min 

Atmospheric nudging Nudging performed on the 6-km resolution domain every 6 hours 

Planetary Boundary Layer (PBL) scheme Mellor-Yamada-Nakanishi-Niino (MYNN) 

Land-use data source Moderate Resolution Imaging Spectroradiometer (MODIS) 30 arc-

second at 1 km resolution 

Global-scale weather data source ERA5 reanalysis 

 

Comparison between WRF result and measured data 

The wind roses predicted by WRF at 140 m above MSL are compared against the measurements in Fig. 7. 

A decent agreement is found at both buoys; even the norôeasters that occur in winter months were captured 

in the mesoscale simulation, although WRF noticeably overpredicts the likelihood of wind coming from 

the southwest direction. A comparison was made in Fig. 8 on the annual-averaged wind speed profile to 

assess the overall model skill in predicting offshore wind resource. The mean wind speed interpolated at 

150 m above MSL, hub height of the IEA-15MW reference offshore wind turbine, is given. The mean 

power-law shear exponent of the entire profile is also computed by using wind speed values at 20 and 200 

m. WRF underestimates both wind speed and wind shear for heights above 40 m while the rotor layer is in 

the range of 30 to 270 m. This level of agreement is similar to what was reported by Optis et al. [19] using 

the same model, and highlights a conclusion made in a 2018 study by Banta et al. [20] that ñthe rotor-layer 

wind speed errors in NWP were larger than required for siting decisions for offshore wind farmsò. 

We also made a direct comparison between the modeled and measured time series. An example is given in 

Figure 9 for May 2020 at the South buoy in which many LLJ occurrences were found. The level of 

agreement is good. One can observe very weak signature of diurnal cycle in the air-sea temperature 

difference in both the modeled and measured results, an important characteristic of the MABL that differs 

from the land ABL. It is also found that LLJ occurrences are usually associated with positive air-to-sea 

temperature differential, i.e. when the sea surface temperature is lower than that of the air. This is captured 

both in measurements and in WRF and agrees well with previous findings that surface cooling discourages 

turbulent mixing and promotes a stable MABL which gives rise to stronger shear and potential development 

of LLJ. 
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Figure 7: Measured vs. modeled wind rose evaluated at 140 m above MSL for (a) the North Buoy and (b) 

the South Buoy. 

 

Figure 8: Annual-averaged wind speed profile at (a) South and (b) North Buoys as a comparison between 

WRF prediction and measured data. Mean hub-height wind speed and power-law shear exponent are 

given. 

(a) North Buoy

(b) South Buoy
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Figure 9: Time series over May 2020 at the South Buoy as a comparison between WRF prediction and 

measured data: Wind speed (top) and wind direction (middle) at 140m above MSL, and the air to sea-

surface temperature difference. The abscissa is days within the month. The shaded grey areas correspond 

to the detected LLJ observations in the measurements. 

10-min LLJ observation predictions 

In the following a comparison is made on the averaged LLJ profiles. Figure 10 all 10-min LLJ profiles are 

averaged and displayed. A good agreement is found. The model performs better at the North Buoy, which 

may be explained by its longer distance to the coastline and thus less affected by the complex coastal 

atmospheric processes that are particularly challenging to model. The average jet nose is measured at 80 

m and is accurately captured by WRF. An under-prediction of rotor-layer wind speed, similar to what was 

shown in Fig. 8, is present here. Three power-law shear exponents are computed: one for the entire profile 

based on wind speeds at 20 and 200 m, one for the upper half of the profile at 80 and 200 m, and the other 

for the lower half at 20 and 80 m. WRF strongly under-predicts the positive wind shear in the bottom half 

and slightly over-predicts the negative shear in the top half. 
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Figure 10: Annual-averaged wind speed profile for LLJ observations at (a) South and (b) North Buoys as 

a comparison between WRF prediction and measured data. Mean jet nose location, jet nose wind speed, 

power-law shear exponent for the entire profile (♪█◊■■), upper half of the profile above the jet nose 

(♪◊▬▬▄►), and lower half of the profile below the jet nose (♪■▫◌▄►) are given. 

Persistent LLJ event predictions 

Two specific LLJ events are used as examples to further compare the simulated and measured results for 

the South Buoy. Figure 11a shows the time window from May 14th to 16th while Fig. 11b shows May 21st 

to 22nd. The WRF result is in excellent agreement with the measurement in the first example as can be seen 

from the time-height wind speed contours in terms of the wind speed, jet nose location, jet intensity and its 

evolution over time. A comparison on several 10-min average wind speed profiles is also given and an 

excellent agreement is found especially in the latter portion of the event. 

The second example in Figure 11b shows a shallower LLJ at lower wind speed. Although not shown here, 

the wind blows from open sea at an average wind direction of 150° in this case, while the wind is roughly 

parallel to shore at 233° in the first example. Although WRF can predict LLJ, the quantitative agreement is 

poorer with a significant under-prediction of wind speed and the jet intensity. There also appears to be an 

offset in time which may be due to an inaccuracy in the ERA5 global-scale boundary condition as report 
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by Tay et al. [21]. Although not shown here, additional comparisons were made on other LLJ events; a few 

were completely missed by WRF. This highlights that the capability of the WRF model to predict LLJ 

varies from case to case, which may indicate that differing LLJ mechanisms are at play for which the WRF 

model skills vary. 

 

Figure 11: Two examples of LLJ events detected at the South Buoy. Left: Time-height contour plots of 

wind speed, shown as a comparison between measurements (top) and WRF prediction (bottom). Right: 

Wind speed profiles of four 10-min averaged time instances that correspond to the four black dotted lines 

on the left figures. The solid line is the measured data. The dotted line is the WRF prediction. 

2.3 Meso-micro Coupling and LES of Low-level Jets Turbulence 

Mesoscale-to-microscale coupling (MMC) is an active area of research that has become increasingly 

important for both the meteorology and wind energy communities, and aims to bridge modeling gaps that 

have long existed in atmospheric flow and wind farm flow simulations [22]. It is one of the key innovation 
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thrusts of this project to demonstrate MMC in modeling coastal LLJ. In this section, we briefly review 

coupling techniques that were considered in this project.  

As illustrated at the top of Figure 12, the current modeling approach of high-fidelity microscale LES 

simulation is based on stationary forcing, e.g., through the specification of a constant geostrophic wind 

speed and surface heat flux over time and space, and is therefore largely decoupled from realistic mesoscale 

processes like diurnal cycles, frontal events, and terrain effects, etc. that determine microscale atmospheric 

flow conditions. Therefore, this decoupled approach relies on the use of periodic lateral boundary 

conditions (LBC) and is limited to the representation of simple, idealized atmospheric flow with horizontal 

homogeneity, and makes an accurate characterization of microscale LLJ features not possible. 

 

Figure 12: Decoupled vs. mesoscale-and-microscale-coupled techniques. Highlighted boxes are the 
approaches that will be considered in this project. 

To overcome this limitation, this project expanded the microscale wind modeling capabilities by applying 

MMC techniques and demonstrating it on the characterization of LLJ. There are several considerations for 

making MMC modeling choices: 

1) Communication directionality:  The cross-scale information transfer may be one-way where the 

mesoscale parameters are downscaled to provide forcing for the microscale domain, or two-way 

where a backward upscaling also occurs [23]. The former has received the most attention in recent 

MMC research and is thus also used in this project. 

2) Communication strategy: The coupling may be achieved ñonlineò or ñofflineò: The online 

approach usually means the use of a unified solver framework with scale-appropriate physics 

available for both scales and solved concurrently. The offline approach, on the other hand, permits 
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greater flexibility and allows mesoscale and microscale processes to be simulated separately with 

solvers tailored for their respective regimes of interest. The latter approach is adopted in this 

project. 

3) Information transferred:  As discussed in Allaerts et al. [24], the exact mesoscale information that 

is to be downscaled and transferred may be components that directly make up the mesoscale 

momentum and temperature transport equations budgets, i.e., large-scale driving horizontal 

pressure gradient, momentum advection, and temperature advection. Alternatively, this 

information may be generated by data assimilation based on either i) mesoscale profiles of wind 

and temperature; or ii) measurable meteorological quantities, e.g., wind speed, temperature, 

pressure, momentum and heat fluxes, and moisture. While the former approach relies on a 

mesoscale solver to output those budget terms, the latter approach permits the use of either solver 

or observational data. We tested both approaches in the present study. 

4) Location of information transfer:  The coupling may be applied at domain boundaries such as the 

inflow and surface planes, or act upon the entire flow volume. The former, dynamic boundary 

forcing method permits the use of non-periodic LBC at the expense of extra computational 

overhead of either long upwind stretch or added turbulence spin-up treatment to accelerate the 

generation of microscale turbulent structures. The latter, dynamic internal forcing method doesnôt 

require such added cost, but it still relies on a periodic LBC under the assumption of horizontal 

homogeneity that somewhat limits the range of atmospheric processes that may be simulated, e.g. 

complex terrain [25]. The assumption used in the latter approach is considered valid for LLJ events 

that are reasonably distant from the coastline where the horizontal heterogeneity is weak and the 

LLJ can be described as a planar jet; therefore, the dynamic internal forcing technique is chosen 

for this project. 

In summary, this project achieved MMC through one-way, offline coupling via dynamic internal forcing. 

The specification of mesoscale parameters both in the form of direct mesoscale budget components (from 

WRF results) and in the form of data-assimilated time-height profiles (from either WRF results, or 

measured data, or a blend of both) were all fully explored in this work. 
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For the mesoscale-forced microscale simulations, we have selected a computationally efficient MMC 

strategy that utilizes a horizontally homogeneous domain forced by WRF. Stable conditions with westerly 

winds can develop land-sea breezes and form an internal boundary layer emanating from the coastline, 

which can both propagate far offshore. Our assumption of homogeneity is based on the spatial scales of 

resolved coastal features being on the order of the microscale domain or larger; all large-scale heterogeneity 

is represented as uniform variation over time in the flow quantities in the microscale.   

Figure 13 illustrates mesoscale flow quantities of interest around the lidar buoys deployed by NYSERDA, 

extracted from a subset of the inner WRF domain during our case study. Large-scale horizontal gradients 

in the winds can be seen, along with non-uniform sea-surface temperature (SST) distribution likely driven 

by upwelling. However, for the purposes of forcing the microscale, the mesoscale-simulated surface-layer 

properties including the sensible heat flux and friction velocity are relatively uniform throughout the region 

of interest spanning the two buoys. Similarly, the turbulence kinetic energy (TKE) aloft at approximately 

143 m above MSLðnear the hub height of the IEA 15-MW reference turbine, the planned subject of future 

studyðis also approximately uniform in the region of interest. The time-averaged standard deviations of 

values within a 2760 km2 region spanned by the two buoys are 1.1 m/s and 2.3° for wind speed and 

direction; 6.9e-3 m2/s2 for TKE; 1.8e-2 m/s for friction velocity; 0.3 K for SST; and 2.4 W/m2 for heat flux. 

To validate the MMC approach we selected a 12-hr simulation window in the last 12 hours of May 15th, 

2020 (UTC) in which an LLJ event was observed and was well predicted by the WRF mesoscale simulation 

(Figure 11 a). We chose to focus on the South Buoy since the root-mean-square error (RMSE) of hub-height 

wind speed is slightly lower than the North Buoy over the entire 12-hr window. In the following, we first 

describe the LES model configuration. Thereafter we introduce several variant configurations which the 

team built to investigate how the simulation outcomes would change when different MMC profile 

assimilation strategies were used. Both qualitative and quantitative comparisons of results and detailed 

discussions are included in this final report. 
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Figure 13: Comparison of quantities of interest in a subset of the WRF inner nested domain with 2-km grid 
spacing; wind speed, wind direction, and turbulence kinetic energy have been sampled at approximately 143 
m above mean sea level; the red dots indicate locations of the NYSERDA buoys. 

As mentioned previously, we used NRELôs AMR LES solver, part of the exawind tool suite, to simulate 

the microscale atmospheric flow. All simulations were performed on a 5120 m by 5120m doubly periodic 

domain (in the horizontal directions); the domain height was 1280 m. A uniform grid spacing of 10 m was 

used in all cases. Whereas such spatial resolution is adequate for neutral and convective conditions, it 

presents a lower resolution bound for simulations of a stable boundary layer. WRF provides the initial 

conditions, surface boundary conditions, and internal forcing. Since the entire microscale LES domain lies 

within the WRF inner domain, both the initial conditions and the assimilated planar-average profiles for 

velocity and temperature are completely specified for the duration of the simulation. A surface heat flux, 

which in this case provides cooling, is specified at the lower boundary from the WRF surface solution. Wall 

modeling is provided through a Meong surface shear-stress boundary condition. The upper temperature 

boundary has a fixed vertical gradient, based on an adiabatic lapse rate of 1 K/km. Lastly, subgrid-scale 

turbulence closure is provided by the one-equation Deardorff eddy viscosity model. 

Two approaches of internal MMC were considered with three different treatments of the mesoscale 

temperature profiles. The two approaches considered are direct and indirect profile assimilation (DPA and 

IPA, respectively)ðthe former guarantees that the microscale planar-average profiles exactly match the 

specified WRF profiles whereas the latter aims to provide more realistic momentum and virtual potential 



 
Impact of Low-Level Jets on Atlantic Coast Offshore Wind Farm Performance ï Final Report 

35 
 

temperature source terms by not requiring the mean profiles to exactly follow the mesoscale solution. In 

our studies performed in this project, we used DPA for velocity and used a few variations of IPA on the 

potential temperature solution. Allaerts et al. [24] observed that WRF temperature profiles may be 

unrealistic and lead to excessive buoyancy production in a resolved microscale daytime ABL; the converse 

may also be true, that an incorrect WRF profile can also lead to excessive buoyancy consumption and 

suppress turbulence. In all cases, the full WRF temperature profile was used to initialize the SOWFA 

simulation. However, we consider three model variations in which (1) the full temperature profile is 

assimilated over time; (2) the temperature is assimilated at a single level only, which in this case we have 

chosen to be the observed 2-m virtual potential temperature; and (3) no temperature assimilation is 

performed, i.e., no temperature source terms are included. 

The Mesoscale to Microscale Coupling (MMC) project team under the U.S. Department of Energyôs 

(DOEôs) Atmosphere to Electrons (A2e) program published verification and validation metrics to assess 

modelsô abilities to reproduce observed variables and turbulence structures (Haupt et al. [23]). Based on 

the data availability in observations, mesoscale model outputs, and microscale model outputs, we selected 

a subset of variables in Table 2, recommended in Haupt et al. [23]. 

Table 2: Variables and metrics from comparing among observations, mesoscale model predictions, and 

microscale model predictions. 

Variable group Variable Averaging period Basic metrics 

Lidar measurements 

(at all heights) 

Mean wind speed 10 min Root mean square 

error (RMSE), mean 

absolute error 

(MAE) 

Wind speed standard deviation 

and turbulence intensity1 

10 min RMSE, MAE (or 

qualitative 

comparison) 

Mean wind direction 10 min RMSE, MAE 

Lidar measurement 

near hub height 

Hub height mean wind speed 10 min RMSE, MAE 

Hub height wind speed standard 

deviation and turbulence 

intensity1 

10 min RMSE, MAE (or 

qualitative 

comparison) 

Hub height mean wind direction 10 min RMSE, MAE 

Near-surface 

meteorological 

measurements at 2m 

above MSL 

Mean wind speed 10 min RMSE, MAE 

Min/max wind speed 10 min MAE 

Mean air temperature 10 min RMSE, MAE 

Processed quantities Jet nose location 10 min MAE 

Jet top location 10 min MAE 
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Wind shear across rotor (30-

270m) and split between the jet 

nose location2 

10 min MAE 

Wind veer across rotor (30-

270m) 

10 min MAE 

 

Table 3: Mean absolute error for quantities of interest, calculated from mesoscale-forced microscale 
simulations in comparison lidar measurements. Indirect and direct profile assimilation (IPA and DPA, 
respectively) techniques were applied with WRF mesoscale wind and temperature data; while the time-
varying wind profile was assimilated in all cases, the temperature assimilation was treated in three different 
ways: time-varying profile, time history at 2 m above mean sea level, and without any temperature 
assimilation. Rows are shaded with green-white-red representing the 0-50-100th percentiles. 

 

The mean absolute errors (MAEs) and root-mean-square errors (RMSEs) of variables defined in Table 2 

are summarized in Table 3 and Table 4, respectively, for several MMC variants. Rows are shaded with dark 

green, white, and red corresponding to the 0th (lowest error), 50th, and 100th (highest error) percentiles, 

respectively; wind direction errors were excluded from shading because errors were relatively low in all 

cases. Interestingly, model configurations that perform relatively well in terms of turbulence are poor 

performers in the mean jet characteristicsðnamely, the IPA results; conversely, the best performer in the 

mean jet characteristics is the worst performer in resolved turbulenceði.e., DPA with temperature profile 

assimilation. The mixed results for DPA with single-level or without temperature assimilation motivate 

other quantitative assessments of the resulting flow fields.  

 

 

Table 4: Root-mean-square error for quantities of interest, calculated from mesoscale-forced microscale 
simulations with SOWFA in comparison lidar measurements. Indirect and direct profile assimilation (IPA and 
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DPA, respectively) techniques were applied with WRF mesoscale wind and temperature data; while a time-
varying wind profile was assimilated in all cases, the temperature assimilation was treated in three different 
ways: time-varying profile, time history at 2 m above mean sea level, and without any temperature 
assimilation. Rows are shaded with green-white-red representing the 0-50-100th percentiles. 

 

Overall, the team found that applying DPA to calculate the exact forcing to attain the mesoscale mean wind 

profiles, while applying IPA to calculate the approximate forcing that allows the microscale temperature 

profile to evolve from the mesoscale input. This approach generated more accurate mean wind profiles 

combined with more realistic temperature profiles and resolved turbulence.  
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3 Windfarm Modeling Advances in Exawind 

Several areas of AMR-Wind development were needed to achieve all the goals and milestones of this 

project. In the following we will briefly describe these AMR-Wind development efforts: 

1) Internal mesoscale forcing with Profile Assimilation: This was required to achieve MMC and to 

simulate LLJ in the microscale domain driven by the mesoscale forcing from the Weather Research 

and Forecasting (WRF) model. We implemented in AMR-Wind both a direct and an indirect profile 

assimilation technique. All these capabilities were verified and validated on both CPU and GPU 

architectures. The same set of simulations corresponding to the NYSERDA buoys that were 

described in the previous section were simulated with AMR-Wind. Additionally, some effort was 

put in to understand how the choice of controller gain and the LES subgrid turbulence model 

impacts the solution.  

2) Modification of the Boussinesq approximation: In the simulations with turbines, a critical element 

to ensure stability of the simulations is the appropriate outflow boundary conditions to ensure the 

highly non-homogeneous flow exits the domain without generating any spurious oscillations. In 

this study we developed a strategy where the mean pressure gradient on the outflow face is balanced 

by the buoyancy term in the Boussinesq approximation. The project team developed several best 

practices associated with running simulations with inflow-outflow boundary conditions with inflow 

BC information generated from a separate precursor simulation. 

3) During the course of this study, team found a significant slowdown when writing ABL boundary 

data, in netcdf file format, with parallel processors. Motivated by the need of this project the 

Exawind team implemented the boundary data output in the native AMReX file format. This new 

development significantly reduces the computational time and allows for boundary data file output 

for longer simulations (> 30 minutes). Additionally, this project team also developed a python-

based tool to stitch several boundary data files output from a series of simulations into a single long 

boundary file.  

4) The project team worked with the Exawind and ROSCO development teams to develop restart 

capabilities for AMR-Wind coupled with OpenFast simulations. This involved outputting and 

reading all the OpenFast relevant information from AMR-Wind. Additionally, ROSCO controller 

needs several inputs every time a restart is performed. ROSCO development team implemented 
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additional routines in ROSCO source to allow for frequent restarts. Both capabilities have now 

been merged in the respective master versions and is being frequently used by a number of users.  
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4 Impact of Low-level Jets on Windfarms 

4.1 Analysis of LES Data 

The current section discusses in detail the impact of flow fields in the coastal-low level jets on the pad level 

loads of the wind turbines in a 5 X 4 farm layout. The results have been further compared against 

monotonically sheared convectively unstable boundary layer representative of onshore conditions. Figure 

14 illustrates the high-level schematic for the framework for running high-fidelity LES simulations 

(ñvirtual wind farmò) for wind farms using ExaWind Suite developed by NREL. The Weather Research 

and Forecasting Model (WRF) simulates the weather condition that pertains to coastal low-level jets at 

mesoscales in the range of ~ 50 km. The mean wind and temperature conditions of the coastal LLJ are used 

to drive microscale LES simulations of the atmospheric boundary layer (ABL) precursor (~ 10 m resolution) 

with proportional controller based data assimilation of mean conditions. The precursor miscroscale-LES 

data are used to drive wind farm simulations. The farm domain is similar to the precursor ABL domain 

except that it contains two layers of nesting of mesh around the wind farm with resolutions as low as 2.5 m 

(~ 10 grid points/rotor diameter D). Aeroelastic solver OpenFAST are coupled at each pad-level locations 

for computation of the loads with turbine controllers. Figure 15 illustrates the zoomed in view of the wind 

farm domain with labels for each pad locations for 5 X 4 = 20 turbines, with the turbine ID increasing 

contiguously in the cross-wind direction. Note, a similar analysis has been carried out in 5 X 1 layout 

arrangement but is not reported in the final project report for brevity. In the subsequent part of the 

discussion, we discuss the flow-field characteristics of coastal LLJ and convectively unstable MS and how 

those correlate with system-level loads providing unique insights to not only the load characterization of 

the farm but a fundamental framework for load mitigation strategy. In particular, Figure 16 manifests the 

instantaneous snapshot of planform view of velocity field past the wind farm for LLJ and MS cases. We 

observe, LLJ is characterized by deep wakes, lack of wake meandering and small scale turbulence. MS 

contains rather more coherent turbulent eddies, shallow wakes owing strong mixing coupled with prominent 

wake meandering dynamics. This is further corroborated by more robust features metricized through time-

averaged & rotor-averaged data in Figure 17. Please, note that for results involving rotor-averaged data 

obtained directly from amr-wind, we have in practice established, rather a surrogate rotor-averaged quantity 

defined by ᷿ Ὠᾀ
Ⱦ

Ⱦ
 replacing Ḃ  Ὠὃ (true-rotor average). The surrogate rotor-average ensures 

that temporal volume data need not be stored, and 4 sets of planar data should be sufficient to perform the 

operation. Extensive verification and validation study has been done for both LLJ and MS (not shown in 

the report for brevity) to justify that the surrogate rotor-average or the z-line average model can capture the 

mean and the temporal characteristics of the true rotor-average. In particular, Ὗ ȟὝὍ  can be written as  
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Ὗ όὼȟώȟᾀȟὸὨὼὨᾀ
Ⱦ

ȾȢ

 

ὝὍ όὼȟώȟᾀȟὸ όὼȟώȟᾀ
Ⱦ

ȾȢ

ȾὟ  

The rotor quantities are a perfect gateway to understand how the turbine disk influences the flow-field 

around itself. In particular, we observe, that the LLJ manifest stronger wake deficit and stronger induction 

compared to the MS cases followed by stronger suppression of pad level turbulence which results in deep 

persistent wakes in the downstream turbines. Additionally, the mean streamwise variation (Ὗ ȟװὝὍ ) 

illustrates high variability across the different column of wind turbines in wake region for the MS cases 

indicating strong meandering due to thermal plumes. Contrary to that, the LLJ wakes are stably stratified 

and show significantly less variability across the different columns of turbines which speaks of strong wake 

persistence. In order to understand, how these flow-field quantities, especially at the pad level locations 

correlate with the load characteristics, we ñextractò the flow-field information at the pad location with a the 

level of information filter for the loads and a phase-aligned spatial average (ὼ ɴ ςȢυὈȟπ where ὼ  π 

denotes the pad location which also works like a low-pass filter owing to frozen Taylorôs field upstream of 

the turbine location. The low-pass filtering ensures that the temporal characteristics are devoid of 

frequencies at or greater than 1P and the load vs flow-field correlation calculated is entirely turbulence 

driven without any structural interception. Figure 18 & Figure 19 illustrates the reconstructed flow-fields 

calculated at each pad location, in particular the rotor-averaged velocity, TI and the metrics of shear, veer 

which play a critical role in deciding the rotor blade and shaft loads. Figure 18 demonstrates the time-

averaged ñreconstructedò rotor-averaged velocity (obtained from phase-aligned averaging) at different pad 

locations both for the LLJ and the MS case that have been compared against the standard rotor-averaged 

velocity obtained from OpenFAST. The comparison serves as a verification procedure giving entitlement 

of a similar trend of reconstructed flow-field vs OpenFAST at different pad locations for both LLJ and MS 

cases. Figure 19 illustrates the vertical gradient of the dominant wind direction & cross-wind direction όȟὺ 

where the ~tilde denotes the scale-resolved quantity pertaining to LES simulations. In the subsequent 

discussion, the tilde is dropped for brevity. ὨόȾὨᾀ is the shear component while ὨὺȾὨᾀ is veer associated 

with the flow. In the 1st row of ñreconstructedò shear flow-field, since the data is rotor-averaged the negative 

and positive shear cancels out giving rise to very low rotor-averaged shear for LLJ. Contrary to that, MS 

cases have higher positive rotor-averaged shear. As wakes propagate downstream of the turbines, the shear 

gets stronger in the LLJ case compared to the MS case, and consequently the rotor-averaged shear in the 

downstream turbines are comparable in the LLJ and MS cases. Strong veer ὨὺȾὨᾀ are observed in the LLJ 
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case which are characterized by a short inversion layer and stable stratification. The veer component is 

significantly lower in the MS cases, and since the height of the inversion layer does not change in LLJ, the 

strength of the veer component is quasi-preserved in the downstream turbines as well. This section prepares 

the ground in terms of creating a bucket list of flow-field metrics for the correlation analysis with the loads 

that will be carried out later.   

 

Figure 14: Schematic of WRF driven LES. Left to Right: WRF simulations in mesoscale grid (resol:~ 100 km). 
WRF forcing drive the precursor microscale ABL LES (resol: 10 m). Precursor ABL body forcing term drive the 
2-level nested wind farm LES (max resol: 10 m, min resol: 2.5 m). 
 

 

 

Figure 15: Zoomed schematic wind farm domain with 20WT layout in a 5 X 4 arrangment. 5 rows aligned with 
wind are R0, R1, R2, R3 & R4. 4 columns are cross wind C0, C1, C2, C3.  
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                                        (a)                                                                                         (b) 

Figure 16: Instantaneous snapshot of xy plane / planform view of wind farm simulations. (a) LLJ (b) 
monotonically sheared unstable configuration (MS). Timestamp t = 17 min.  
 

 

                                          (a)                                                                              (b) 

Figure 17: Streamwise variation of time-averaged & column averaged rotor flow-field quantities. (a) rotor-

averaged velocity (b) rotor-averaged TI [%]. Error-bars denote variation across columns C1, é, C4. ●╦╣╖ is 
the location of the first row of turbines.  
 

 

                                            (a)                                                                              (b) 

Figure 18: Comparison of reconstructed flow-field data from amr-wind (red) and from OpenFAST (blue). Darker 
shade ï LLJ, darker shade ï MS.  
 

 

                                          (a)                                                                             (b)  

Figure 19: Comparison of reconstructed flow-field data from amr-wind  and from OpenFAST. Red ï du/dz, LLJ. 
Pink ï dv/dz, LLJ. Blue ï du/dz, MS, Purple ï dv/dz, MS.  
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4.1.1 Analysis of Integral Metrics 

This section deals with the analysis of the integral metrics of the turbine system-level loads.  Figure 20 

documents the row-wise variation of the integral turbine rotor and control parameters, e.g., the generator 

power, blade pitch, rotor thrust and rotor average velocity. The differences in the topology in the turbulent 

structures of the LLJ and MS cases gets percolated in the rotor quantities as well. Just like the flow-

quantities, the turbine outputs have been averaged across the lateral array of turbines at each row. This 

ensures that the statistical effects due to the lateral variation of the flow-field is minimized and results 

primarily demonstrates the effect of stream wise variation. The primary feature that influences almost all 

rotor quantities is the stronger wake deficit in the LLJ case compared to its MS counterpart. We see an 

average drop of 50 % turbine power in the downstream rows for the LLJ as opposed to <10 % drop for the 

MS cases. This can be attributed to the deep wakes (higher velocity deficits) with longer distances of 

recovery in the LLJ case. The deep wakes also cause progressive decrements of the rotor thrust, rotor torque 

and rotor aerodynamic twist in the downstream turbines for the LLJ case. The differences in the turbulent 

flow field between LLJ and MS also influences the blade pitch control. The stronger wake deficits and 

hence reduced velocity significantly pitches the blade in towards negative values which is finally capped 

by the controller resulting in zero pitch value (fine pitch ɼ ) for the downstream turbines in the LLJ case. 

The primary function of the pitch control is to allow the rotor-shaft to operate in rated rpm condition. Due 

to the controller capping effect (min pitch ɼ π), feedback control output for pitch control is capped 

as well resulting in rotor shaft operating at lower than rated speed condition. Both the wind farm simulation 

involving LLJ and MS cases were run with identical control algorithms for a fair comparison. The results 

related to the blade pitch and rotor rpm thus indicate the potential need for redesigning control algorithms 

for shallow boundary layers with strong wake deficits and wind veer. It is also important to note that turbine-

control induces an ABL-specific non-linearity that modulates the wind turbine loads in a complex manner. 

 

                                       (a)                                                                              (b) 
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                                     (c)                                                                               (d) 

Figure 20: Comparison of row-averaged mean and std. statistics of rotor quantities.  (a) rotor-averaged velocity, 
(b) generator power, (c) rotor thrust, (d) blade pitch between coastal LLJ and baseline MS case for 20 turbine 
farm layout. 

 

 

 

                                        (a)                                                                           (b) 

 

                                       (c)                                                                           (d) 

 

                                        (e)                                                                            (f) 
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Figure 21: Comparison of row-averaged DEL loads  (a) Blade edgewise moment, (b) Blade Flapwise moment, 
(c) Low speed shaft y-bending moment (d) Low speed shaft z-bending moment (e) Tower fore-aft moment, (f) 
Tower torsion moment between coastal LLJ and baseline MS case for 20 turbine farm layout. 
 
 

The wind turbine loads are a function of several flow features across the rotor and can be mathematically 

expressed as  ὪἂὟἃ ȟὨόȾὨÚȟὨ‰ȾὨÚȟἂὝὍἃ ȟ„ Ⱦ ȟz„ Ⱦ . While, ἂὟἃ  is the primary driver 

for the mean loads ȟἂὝὍἃ  contributes to the fluctuating loads ǋǋ which can cause fatigue damage to the 

turbine systems. Additionally, we will see that certain turbine system loads are also triggered by the shear, 

veer and their fluctuations / std. dev. The turbine loads can be broadly categorized into the blade loads 

(edgewise, flapwise and torsion), tower loads (fore-aft, side-side and twist) and the hub loads (low-speed 

shaft and yaw bearing system). Turbine manufacturers are more interested in fatigue and ultimate (max) 

loads since they are responsible for turbine system-level damage. In this section we have compared the 

damage equivalent loads (DEL) of the LLJ and MS cases. For DEL loads a Wohler exponent of 12 is used 

for the blades while for hub & tower an exponent of 4 is used. We observe expected strong correlation 

between the std.deviation of the load and DEL owing to the fact that fatigue loads are inherently fluctuating 

in nature and driven by the turbulent intensity (TI). Strong reductions in the rotor-region TI for the LLJ 

case (Figure 17) in the progressive downstream can be associated with reduction in the blade DEL as well. 

The blade DEL loads for the MS case increases for the downstream turbines primarily due to the higher 

background TI and TI generation in the MS case. In Figure 21, the hub-loads, in particular, the low-speed 

shaft as well as the tower loads manifest an interesting feature. The mean loads for the rotating low-speed 

shaft bending moments (LSSTipMys, LSSTipMzs) are much higher for the LLJ case compared to the MS 

case. The z or the vertical bending moment is influenced by the presence of strong veer  in LLJ, while the 

y or lateral bending moment is modulated by the strong shear  in the rotor region that is observed in the 

LLJ. From Figure 19 it is apparent that the turbine pad locations for the LLJ case experience more negative 

shear (higher absolute shear) inducing rotor loads that dictate low-speed shaft bending. It is hypothesized 

that the stronger shear in the rotor-region is modulated by the presence of negative shear structure of the 

LLJ jet region, but further work is needed to validate the hypothesis. The DEL loads in the tower fore-aft 

moment are lower in the LLJ case owing to lower TI generation in the pad-level. However, the tower 

torsional moments (also the yaw-bearing systems torsional moments) are significantly higher (30 ï 40%) 

as we propagate downstream of the turbines. This can be attributed to the strong veer content in the LLJ 

case. Although, the veer is an essential flow feature influencing the z (torsion/twisting) moment, the std. 

deviation of veer is smaller for the LLJ case compared to the MS case. It is not known if the presence of 

strong veer and TI in the LLJ case, themselves would trigger fluctuating structural moments in the z 

direction. Further in-depth analysis is required to confirm our speculative argument. 
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4.1.2 Analysis of Timeseries Correlations 

In the previous sections we have analyzed the integral loads metrics and have observed the following trends 

(a) LLJ blade DEL loads are lower than the MS cases (lower TI in LLJ) (b) LLJ shaft bending loads and 

tower torsion loads are significantly higher than the MS counterpart (higher shear and veer) and made 

quantitative arguments between the loads and flow-metrics. In the present section, we compare the time-

series correlation of the turbine system-level loads and the different flow-metric in order to highlight how 

the presence of turbine controller adds non-linearity to the arguments on ñloads-flowò correlation.  

Figure 22 illustrates a time-series comparison map of the rotor-thrust at different pad level locations against 

the rotor-averaged wind speed at pads for both stably-stratified LLJ case and the convectively unstable MS 

case. Note, for flow conditions and load conditions we use the same definition of filtering to reconstruct 

the time-series data as as done in Section 4.1. In the MS cases, the high velocity in the rotor-region forces 

the controller to pitch out blades which results in the anti-correlation (negative correlation), between the 

rotor-thrust and the rotor-averaged wind speed. In the downstream turbines the wind speeds are slightly 

lower (below rated), owing to which we can observe strong positive correlation between the thrust and wind 

speed. In the LLJ, however, the rotor-averaged wind speeds are mostly in the below-rated configuration 

resulting in a strong positive correlation between thrust and wind speeds, albeit with a short time-response 

/ phase lag. The first row of turbines however, show smaller correlation between wind speeds and rotor-

thrust due to the fact that the wind speed continuously switches from below-rated to above rated conditions 

inducing a high- amount of non-linearity. The subsequent figures in the section compute the trends of linear 

correlations (Pearson coefficient) between loads/control metrics and the flow-field metrics fort the LLJ 

case. In particular, for the surrogate rotor-averaged flow-metrics we look at  ὓȟὓ ȟὝὍȟὝὍȟὨόȾὨᾀȢὨὺȾ

ὨᾀȟὨהȾὨᾀȟὨόȾὨώȟὨὺȾὨώȟὨהȾὨώ, where the z and y sub-scripts denote the reconstructed flow-fields using 

line-averaging in vertical z or lateral y direction. Additionally, the gradients of aligned wind, cross wind 

and the angle of the wind vector are also considered for a comprehensive understanding of the contribution 

of wind speed, TI and the shear, veer components of the wind that trigger system-level loads.  
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                                                                          (a) 

 

                                                                       (b) 

Figure 22: Time-series comparison of the (a) MS and (b) LLJ cases for the rotor-thrust with the mean rotor-
averaged velocity at the 20 pad locations. 

 

                                                                      (a) 



 
Impact of Low-Level Jets on Atlantic Coast Offshore Wind Farm Performance ï Final Report 

49 
 

 

                                                                       (b) 

Figure 23: Comparison of heatmap depicting correlation coefficient of blade-pitch and the flow-metrics 

╜◑ȟ╜◐ȟ╣╘◑ȟ╣╘◐ȟ▀◊Ⱦ▀◑Ȣ▀○Ⱦ▀◑ȟ▀ Ⱦ▀◑ȟ▀◊Ⱦ▀◐ȟ▀○Ⱦ▀◐ȟ▀ Ⱦ▀◐ for the 20 wind turbine layout. Each box ï arranged 

in 5 X 4 layout: left-right ï aligned to wind direction. (a) MS (b) LLJ 

 
                                                                        (a) 

 
                                                                       (b) 
Figure 24: Comparison of heatmap depicting correlation coefficient of blade-root flapwise moment and the 

flow-metrics ╜◑ȟ╜◐ȟ╣╘◑ȟ╣╘◐ȟ▀◊Ⱦ▀◑Ȣ▀○Ⱦ▀◑ȟ▀ Ⱦ▀◑ȟ▀◊Ⱦ▀◐ȟ▀○Ⱦ▀◐ȟ▀ Ⱦ▀◐ for the 20 wind turbine layout. Each 

box ï arranged in 5 X 4 layout: left-right ï aligned wind direction. (a) MS (b) LLJ 
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                                                                      (b) 
Figure 25: Comparison of heatmap depicting correlation coefficient of low-speed shaft bending moment and 

the flow-metrics ╜◑ȟ╜◐ȟ╣╘◑ȟ╣╘◐ȟ▀◊Ⱦ▀◑Ȣ▀○Ⱦ▀◑ȟ▀ Ⱦ▀◑ȟ▀◊Ⱦ▀◐ȟ▀○Ⱦ▀◐ȟ▀ Ⱦ▀◐ for the 20 wind turbine layout. 

Each box ï arranged in 5 X 4 layout: left-right ï aligned wind direction. (a) MS (b) LLJ 

 
                                                                  (a) 

 
                                                                  (b) 
Figure 26: Comparison of heatmap depicting correlation coefficient of yaw bearing systems torsion moment 

(tower torsion moment) and the flow-metrics ╜◑ȟ╜◐ȟ╣╘◑ȟ╣╘◐ȟ▀◊Ⱦ▀◑Ȣ▀○Ⱦ▀◑ȟ▀ Ⱦ▀◑ȟ▀◊Ⱦ▀◐ȟ▀○Ⱦ▀◐ȟ▀ Ⱦ▀◐ for the 

20 wind turbine layout. Each box ï arranged in 5 X 4 layout: left-right ï aligned wind direction. (a) MS (b) LLJ 
 

Figure 23 illustrates the heatmap depicting the correlation of the blade pitch with the flow-metric. As seen 

in the rotor-thrust time-series analysis, we observe a strong positive correlation (~0.8-0.9) coefficient with 

the both ὓȟὓ , indicating that temporal information in both line average of velocity (surrogate of rotor-

averaged velocity) are very similar to each other. A strong positive correlation between blade pitch and the 

rotor-averaged velocity is observed in the LLJ case as well in the first row of the wind farm. These 

correlations are reflective of the fact In the downstream turbines the wind speed decays significantly owing 

to stronger wake-deficits and hence the pitch is capped to a minimum pitch (ɼ π) and reports quasi-

zero correlation with wind speed. While sporadic strong correlations with blade pitch and other flow-

metrics are observed in both LLJ and MS, but since they are not observed consistently over the entire farm, 

these correlation effects could be attributed to localized flow-changes owing to neighboring turbines. In a 

similar essence, strong negative correlations for MS and positive correlations for LLJ with the rotor-






























































































